We demonstrate the design, fabrication, and characterization of silicon photonic crystal cavities realized in a silicon on insulator (SOI) platform, operating at a wavelength of 4.4 μm with a quality factor of 13,600. Cavity modes are imaged using the technique of scanning resonant scattering microscopy. To the best of our knowledge, this is the first demonstration of photonic devices fabricated in SOI and operating in the 4-5μm wavelength range. 
Introduction
The mid-infrared (IR) wavelength range (2-20 μm) has recently become more accessible due to the development of high-power, room-temperature operational sources and sensitive detectors. At the same time, little work has been done in developing passive photonic elements such as waveguides, resonators, splitters, etc. for the mid-IR. However, integrated photonics at this wavelength range would be useful for a variety of applications for which the mid-IR is particularly suited, including thermal imaging, biological sensing, chemical bond spectroscopy, free space communications and trace gas sensing.
Conventionally, mid-IR photonics is associated with the III-IV materials used for active optoelectronic devices (lasers and detectors), as well as chalcogenide glasses used for passive photonic elements [1] . However, it has recently been proposed by R. Soref that silicon is also a promising material for the mid-IR, as it exhibits low loss throughout much of the mid-IR [2, 3] . Using silicon as the material of choice for the mid-IR would allow us to take advantage of well-developed fabrication techniques and CMOS compatibility, making the realization of on-chip integrated mid-IR devices more realistic. Finally, due to the lack of two-and threephoton absorption in the mid-IR, the power density of optical signals propagating in Si waveguides or stored in Si optical cavities can be significantly higher than at the near-IR wavelengths used for telecommunications [4] [5] [6] [7] . Therefore, Si-based on-chip optical networks operating in mid-IR may find applications as optical interconnects for datacom. Silicon-onsapphire waveguides [8] and ring resonators [9] have already been demonstrated in the past year. In this work, we demonstrate the first wavelength-scale optical resonators, in the form of L3 photonic crystal cavities [10] , in the CMOS compatible silicon-on-insulator material platform. High quality factor (Q) and low mode volume optical resonators in the mid-IR are of interest for many applications including trace gas sensing, optical interconnects, and so on.
Design
We chose the well-known L3 cavity design [10] for our photonic crystal cavities due to the relative ease of free-space in-and out-coupling in this cavity (Fig. 1) . This cavity design consists of a two-dimensional hexagonal photonic crystal lattice of air holes in a Si slab, with three central air holes removed to form a line defect. Bragg scattering accounts for electromagnetic confinement in the x and y directions, while index contrast provides confinement in the z direction. The cavity mode is linearly polarized. To further achieve confinement of the light to the cavity region, the air holes on either side of the cavity are shifted outwards, decreasing the phase mismatch between the cavity region and the Bragg mirror region formed by the photonic crystal (Fig. 1a) . This allows for higher quality (Q) factors to be achieved [10] . The cavities were designed using three-dimensional finite-difference time-domain method (Lumerical Solutions, Inc.) for a Si device layer thickness t of 500 nm. The periodicity of the photonic crystal lattice is a = 1.34 µm, and the air hole radius r = 353 nm (r/a = 0.263). The air hole shift s was scanned from zero shift to a maximum shift of 0.275a in order to optimize the Q factor of the cavity. An air hole shift of s = 0.2a results in an optimal design at λ = 4.615 µm with a Q factor of 66,000 when 10 mirror hole pairs surround the cavity region. The mode profile is plotted in Fig. 1a , and the theoretical calculations for the resonance wavelength and Q factor as a function of s are shown in Fig. 2 . As expected, as the hole shift is increased, the cavity resonance is pushed to longer wavelengths, due to the increase in high-dielectric material in the cavity region.
Fabrication
The devices were fabricated on a silicon-on-insulator (SOI) substrate (SOITEC Inc.), with a device layer thickness of 500 nm and SiO 2 layer thickness of 3 μm. ZEP (Zeon Corp), a positive electron-beam resist, was used as a mask for electron-beam lithography. The film was deposited by spinning pure ZEP onto the substrate at a rate of 2000 rpm, followed by a postspin bake at 180°C for 3 minutes, resulting in a film thickness of 550 nm. A standard 100 kV electron beam lithography tool (Elionix ELS-7000) was used to define patterns in the ZEP layer, which were then developed in o-xylene for 40 seconds followed by a rinse in isopropanol alcohol. Etching was performed in a reactive ion etcher (STS-ICP-RIE) using C 4 F 8 , SF 6 , and H 2 gases in a two step process. The first step was a Si etch step at 10 mTorr with a C 4 F 8 flow rate of 130 sccm, a SF 6 flow rate of 80 sccm, and no H 2 flow. The second step was a Si and SiO 2 etch step at 20 mTorr with a C 4 F 8 flow rate of 130 sccm, SF 6 flow rate of 80 sccm, and a H 2 flow rate of 15 sccm. The devices were undercut using a 7:1 buffered oxide etch for 45 minutes. A scanning electron micrograph of a completed device is shown in Fig. 1b . A number of different L3 photonic crystal cavities were fabricated by varying the air hole shift, resulting in cavities with different quality factors and resonance wavelengths as described earlier. Sets of cavity with both four mirror hole pairs and ten mirror hole pairs were fabricated. 
Characterization
We used the resonant scattering method [11, 12] to test our cavities (Fig. 3) . Light from a tunable quantum cascade laser (QCL) with emission from 4.315 to 4.615 µm (Daylight Solutions, Inc.) is sent into a ZnSe objective lens with numerical aperture (NA) of 0.22 and focused onto the sample, which is placed so that the cavity mode polarization is oriented at 45 degrees with respect to the E-field of the laser spot. Since the QCL emission is invisible, a yellow HeNe laser beam was aligned to the path of the QCL and then used to align the rest of the optics. A Ge neutral density filter with optical density of 1.0 is used to reduce the light intensity. The sample is mounted on an automatic micropositioner stage, which can be scanned using computer control. The light that is coupled and re-emitted by the photonic crystal cavities is backscattered into the ZnSe objective, and then travels through a second polarizer (the analyzer) which is cross-polarized with respect to the input polarizer, before being focused onto a thermoelectrically cooled mercury cadmium telluride (MCT) detector. This cross-polarization method enhances the signal-to-background ratio of the resonantly scattered light (the signal) to the non-resonantly scattered light (the background). Depending on this ratio, the resonance peak can appear as a Lorentzian or a Fano lineshape caused by the phase shift between the resonant (re-emitted by cavity) and non-resonant components of the back-scattered signal [13] .
The experimental results for photonic crystal cavities with 10 mirror hole pairs are shown in Fig. 4 . Photonic crystal cavity modes are found within the range of 4.38 to 4.42 µm. As predicted by theory (Fig. 2) , the cavity resonance wavelengths redshift as the air hole shift s is increased from zero to a maximum of s = 0.225a (Fig. 4b) . The Q-factors also roughly follow the trend predicted by theory. A peak Q-factor of 13,600 is found for s = 0.15a, representing (C) 2011 OSAthe highest Q factor measured for any Si-based optical cavity in the mid-infrared (Fig. 4b) . The inset in Fig. 4a shows the measured Fano lineshape of the resonance along with the theoretical fit F(f) [13] given by: where A 0 and F 0 are constants, q is the Fano parameter, f 0 is the cavity mode frequency, and Γ is the linewidth. The fit is plotted in terms of the wavelength  = c/f, where c is the velocity of light. We extract the quality factor from the ratio of f 0 to Γ. In the case of the s = 0.15a cavity, the extracted linewidth was 5.0 GHz with a f 0 of 68 THz. In the s = 0.2a cavity we did not detect a resonance, possibly due to the low NA (0.22) of the ZnSe objective used to collect light. With a low NA lens, it is difficult to couple light into and collect light from higher-Q cavities, where the cavity emission is largely at angles outside the collection cone of the lens [11] . This is also the reason why the resonance for s = 0.225a (magenta in Fig. 4a ) has a poor signal-to-noise ratio. Part of the challenge of working in the mid-IR is the paucity of highquality optical components, such as high numerical aperture objective lenses, more readily available at other wavelength regimes. This also results in a large focal spot size, approximately 20 μm in diameter. In order to improve signal-to-noise ratio in our experiments, we could increase the excitation power of our laser. However, when the QCL output power was increased to 100 mW (only about 3-5% of this power gets coupled into the cavity), we noticed the evidence of optical bistability in our photonic crystal cavities [14] . We believe the origin of this nonlinear effect is thermo-optic in nature, and is most likely due to the finite linear absorption of Si in the mid-infrared [3] . We are exploring this bistability for future work. Fig. 5 . Mid-infrared scanning resonant scattering image of an array of 5 cavities (upper left hand structure is photonic crystal with no cavity). Scanning electron micrograph is provided for comparison. When our laser is tuned to one of the cavity resonances, and scanned over the cavity array, only the cavity in resonance with the laser lights up. For example, when 4380.2 nm light, corresponding to the resonance of the top right cavity in the center panel, is scanned over the array, only that cavity appears "ON", featuring a bright spot in its center. Alternatively, when the laser is tuned to 4401.5nm and scanned over the array, only the middleleft cavity (rightmost panel) resonates.
In order to further confirm that the observed resonances are indeed associated with cavity modes, it is important to visualize their spatial profiles. However, since no true viewer cards exist for the mid-IR wavelength range, and mid-IR cameras are rather expensive, we adapted the scanning-confocal microscopy approach to image our devices [15] . We call this method scanning resonant scattering microscopy. A single mid-IR detector is used, and the spatial profile is obtained by scanning the sample in x-and y-direction using computer-controlled micropositioners. In order to locate the cavities, we scan the sample stage in both x-and ydirections at an arbitrary wavelength. The outlines of the cavities can be made out at all wavelengths, so we can then move to the center of the photonic crystal cavity region and sweep the laser in wavelength in order to obtain a resonant scattering spectrum. This procedure allows us to precisely position the laser beam onto our cavities. Furthermore, we can obtain the image of the cavity resonance by tuning the laser to the cavity resonance and moving the sample holder stages in the x-and y-directions and recording the detector reading at each position. Images obtained using this approach are shown in Fig. 5 . It can be seen that the cavity regions light up at the wavelengths corresponding to the resonance peak in the wavelength scan, and remain dark off-resonance, confirming that the peaks we see in the wavelength scans do indeed correspond to L3 photonic crystal cavity modes. In effect, this imaging approach can be seen as a single-pixel mid-infrared camera, allowing for the visualization of fabricated structures and resonant modes without the use of extremely expensive mid-IR cameras that are commercially available.
In Fig. 6 , we show a spectrum and scanning mid-IR images of additional resonances that were observed in our four-mirror hole pair devices. These devices were placed relatively close together, with a separation of 22 μm in the y-direction. Resonant scattering spectra of these cavity devices show two extra peaks appearing (at 4.433 μm and 4.567 μm) in addition to the cavity resonance peak (4.444 μm). Using our scanning resonant scattering microscopy technique, we were able to image these modes and attribute them to the inter-cavity resonances of the Fabry-Perot cavity formed between two adjacent photonic crystal structures ( Fig. 6b) : one resonance has an anti-node (leftmost panel, 4.433 μm) and the other one has a node (rightmost panel, 4.567 μm) in the center of the inter-cavity region. The resonance at 4.444 μm (center panel in Fig. 6b ) corresponds to a bonafide resonance of the L3 photonic crystal cavity. The ability to accurately image the spatial profile of resonances observed in the collected spectra, and therefore unambiguously attribute them to the modes of different cavities, is an important demonstration of the utility of the mid-IR scanning resonant scattering microscopy that we developed. The combination of scanning microscopy and resonant scattering wavelength measurements results in a very powerful tool that overcomes many of the difficulties inherent in working at the mid-IR. Iterating between scanning microscopy and wavelength scanning allows us to optimize our resonant scattering spectra signals more quickly and accurately than we would be able to with only a CCD camera sensitive to visible wavelengths to guide us as to the location of our cavities. We see scanning resonant scattering microscopy as an essential tool in a mid-IR toolbox.
Conclusion
In conclusion, we have demonstrated the design, fabrication, and characterization of siliconbased photonic crystal cavities for the mid-infrared, with a peak quality factor of 13,600. In addition, we have transferred experimental techniques used at telecommunication and visible wavelengths, most notably resonant scattering and scanning confocal microscopy, to characterize our mid-IR cavities. Further work will be focused on achieving higher quality factor cavities and in coupling mid-IR photonic crystal cavities to waveguides so that the vision of on-chip integrated photonics in the mid-infrared can be attained. Such a fully integrated platform would enable realization of chip-scale systems for trace gas sensing, optical-wireless, on-chip optical interconnects, phased-arrays for LIDAR applications, and so on.
